We have conducted the first systematic study of Herbig Ae/Be stars using the technique of long baseline stellar interferometry. The Infrared Optical Telescope Array (IOTA) resolves the source of the near-infrared excess flux charateristic of these systems in 11 of the 15 stars observed. A close companion to MWC 361-A (18 mas separation) has been detected interferometrically for the first time. The visibility data has been interpreted within the context of four models which represent the range of plausible representations for the brightness of the excess emission: a Gaussian distribution, a narrow uniform ring, an accretion disk, and an infrared companion. We find that the large sizes measured by the interferometer, 0.5 -5.9 AU, essentially invalidate accretion disk models that had been previously used to explain the spectroscopic observations. Although a unique model can not be determined for each source due to limited spatial frequency coverage, the observed symmetry of the sources favors, for the ensemble of the data, models in which the circumstellar dust is distributed in spherical envelopes.
EXPERIMENTAL PROCEDURE
The observations described in this paper were carried out at the Infrared Optical Telescope Array (IOTA), a Michelson stellar interferometer located on Mount Hopkins, Arizona. 15 Observations were made in the near-JR H (A0 1 .65,urn, zA = O.3Oim) and K' ()o = 2.16im, L\ = O.32jm) bands; and using two IOTA baselines, of lengths B = 21 m (North-South orientation) and 38 m (North-North East orientation).
In this experiment, interference is produced in the pupil plane, by combining the collimated and path-equalized beams at a beam splitter. The two outputs of the beam splitter are focused onto two separate pixels of a NICMOS3 detector, and a scan containing an intensity fringe packet is recorded at each pixel by modulating the OPD by im via an extra reflection in one of the arms at a mirror mounted on a piezo stack. The OPD modulation is driven by a highly linear triangle waveform, at selectable rates in the range 1 -10 scans/sec. Figure 1 shows schematically the beam combination and fringe detection layout on the optical bench. Each scan contains 256 samples, with integration times per data point in the range 0.18 -2.0 ms, chosen as the optimum in order to achieve maximum flux sensitivity while keeping the scan time short in order to freeze the wavefront piston fluctuations induced by the atmosphere during the fringe packet acquisition. With this detection system, the limiting magnitudes for real-time visual detection of a fringe packet in a single scan are 7 at H-band (read-noise limited) and 6.2 at K'-band (background limited), given here as the magnitudes of the faintest sources observed under typical conditions 16, 17 A typical observation consists of 500 scans obtained in 1-8 mins, followed by 10 scans on the sky which are used to subtract the background flux. Target observations are interleaved with an identical sequence obtained on an unresolved star, which serve to calibrate the interferometer's instrumental response and the effect of atmospheric seeing on the visibility amplitudes. The target and calibrator sources are typically separated on the sky by a few degrees, and observed a few minutes apart; both of which insure that the calibrator observations provide a good estimate of the instrument's transfer function. 
DATA REDUCTION AND ANALYSIS
Our procedure to obtain calibrated visibility amplitudes from the measured fringes consists of the following steps:
1. Fit the central fringes to the instrument's point-source response, in the time-domain, in order to obtain the visibility (fringe contrast) for each interferogram (Vi).
2. Fit the measured distribution of the V values in an observation (i = 1 . . . , n = 500) to a model which incorporates the effects on the visibility of residual wavefront tip-tilt errors due to the atmosphere, as illustrated in Figure 2 (left panel). This step results in an estimate of the visibility for the observation (V).
3. Calibration of fixed instrumental terms using observations of unresolved sources, resulting in an estimate of the true target visibility given by Vtargej/Vcai.
We find that the use of the visibility distribution model (VDM, step 2) reduces the scatter in independent measurements of a given source under varying seeing conditions by factors of 2 -3, compared to more traditional estimators such as the mean of the measured distribution. This improvement is illustrated in Figure 2 (right panels), which compares both methods on data obtained on the same target on 4 nights of very different seeing conditions.
As can be seen in Figure 2 (top right panel) , systematic differences larger than the internal errors from fitting the fringes and the VDM remain, likely due to residual calibration errors arising in un-modelled higher order wavefront errors. Thus, the error on an individual visibility measurement is best represented by the RMS of independent observations at similar spatial frequencies, and is typically of order 5%. and with the visibility distribution model (VDM). It can be clearly seen that the data distribution is not well represented by the Gaussian distribution, such that traditional estimators such as the mean would not be appropriate.
In this case the visibility estimate given by the mean is 42.8 0.6%, while the estimate given by the VDM is V = 60.9 0.3%. Right panel: Calibrated visibilities obtained using: the VDM (top panel) and the mean of the measured distribution (bottom panel) . Each data point represents an observation of the same source (AB Aur) using identical detection parameters, and different symbols are used for different nights covering a large range of seeing conditions. For reference, the longest set of data (filled bullets) spans 5.2 hours.
4, OBSERVATIONS OF HAEBE STARS
The following points summarize the important characteristics of the sample selected: Examples of the data obtained are shown in Figure 3 . The following summarizes the important conclusions that may be drawn from the data set just based on inspection:
1. 11 of the 15 sources are resolved, the visibility amplitudes are in the range 50 V < 100%. 
INTERPRETING THE VISIBILITY DATA
Most of the HAEBE stars in our sample are known to have a strong near-JR excess, and are resolved by the interferometer. Therefore, we consider a two component model consisting of the central star, plus a component which is the source of the near-JR excess. However, before this model can be used to interpret the interferometer data, the contributions to the total H and K fluxes from these two components must be determined.
Flux Decomposition
In order to estimate the stellar near-JR fluxes, we assume that the short wavelength flux arises entirely from the central star, and approximate the stellar spectrum as a blackbody at the adopted effective temperature from the literature. The solid angle (1) subtended by the stellar disk is the parameter adjusted in order to provide a best fit to the de-reddened V, R and I fluxes. Once the solid angle factor is thus determined, the stellar flux may be calculated at any wavelength. This procedure also allows us to estimate the angular sizes for the central stars, 9 2/i7, with the result that in all cases they are small compared to the resolution of the interferometer, and implying that it is the source of the excess emission which the interferometer resolves. Using this model to represent the stellar photosphere, we deduce the apparent excess fluxes due to CS emission at the H and K bands of the interferometric observations, by subtracting the stellar fluxes from the measured total fluxes from the literature. We find that the apparent excess fluxes represent 12 -84% of the total flux at H (58% average) and 31 -94% at K (78% average) . Moreover, for all the Group I sources, the fraction of total flux in the central stars is well below the measured visibilities, indicating that our data is consistent with a partially, but not fully, resolved CS component.
Source Models
For all our resolved sources, we consider four plausible models of the source brightness. Each model has two components, with the stellar emission arising in a central point source and the excess near-JR emission contributed by either: (1) a Gaussian brightness distribution, (2) a uniformly bright ring, (3) a "classical" accretion disk with a temperature law T(r) o r314 or (4) an infrared companion. In all cases, the second component is constrained by the requirement that its flux matches the measured H and K excess fluxes. Both the Gaussian and ring models are assumed to appear circularly symmetric on the sky, consistent with the observed lack of visibility variations with baseline position angle (PA). 
Summary of Results

Gaussian intensity
This model is useful in order to set a size scale, and is physically motivated by a CS environment in which the dust particles are distributed in an envelope around the central star. Table 1 summarizes the results obtained from fitting the visibility data to this model. In addition to the best fitting Gaussian FWHM (eG), the table includes the RMS of the fit; the number of individual observations for each star (N) ; and the linear diameter (D) corresponding to the measured angular diameter. Figure 5 shows the data and models (solid lines) computed with the parameters of Table 1 . In this table, and the next, the uncertainties on the sizes derived reflect the systematic uncertainty in the estimate of the photospheric fluxes (30% average), rather than the formal error in fitting the visibility data.
We also calculate in Table 1 the peak brightness temperature (Ti), a measure of the peak intensity, determined from the requirement that the flux in the Gaussian matches the excess flux: I° = F/1G = B,(T), where 1G 2O2/4 in 2 is the effective solid angle. By comparing the peak brightness temperatures with the color temperatures of the H and K excess (Ta) it is apparent that for most sources the brightness temperature is lower than the color temperature. One possible interpretation is that the near-JR emission is optically thin, in which case the observed color temperature depends on the physical temperature of the dust grains in the source and on their emission properties. In a simple model in which a single temperature characterizes the emission, best agreement with the measured visual extinctions to the stars is obtained under the assumption that the grains in the envelope have neutral opacity (as in large interplanetary dust grains); and the peak optical depths thus derived are in the range 0.03 -1.2 (average 0.4). 
Ring model
This model is motivated by the desire to find a structure which is consistent with the effective sizes measured by the interferometer and with thermal emission at the color temperature of the H and K excess.
The results of fits to this model are shown in Table 2 . Figure 5 shows the data and models (dot-short dash lines) computed with the parameters of Table 2 . We note that the source V594 Cas (which appears unresolved) can not be represented by this model, due to the fact that for any inner ring diameter, the outer diameter required to match the excess flux results in a source that would appear resolved. Similarly, the large excess flux for MWC 297 implies that any solution for the ring model has a large size, so that the data can formally be well fit only at the peak of the second lobe of the ring visibility function, and we do not consider this a likely interpretation of the data for this source. 
Accretion disk
Given that the stars in our sample which the interferometer resolves are all Group I sources in the classification of HSVK, we consider in this section whether such an accretion disk model is consistent with the interferometer data. For a flat, thin disk heated by and actively accreting onto a central star, energy balance results in a temperature law which, for R/r << 1, has the form T(r) = T1AU .
Having specified a radial temperature law, the SED and visibility curves may be computed by adding the contributions, starting at a minimum radius Rhole , from blackbody annuli at temperature T(r).
For every value of the disk inclination (i), the SED completely determines the best fit values of Rhole and T1AU, since the flux lost to the lower apparent surface area is recovered by increasing the disk temperature, and the characteristic dip in the shape of the SED in the near-IR is matched by increasing the size of the inner hole. Having found Rhole and T1AU such that the SED is well fit for every disk inclination, our approach is to determine the smallest inclination for which there exists a disk position angle ('I') such that the visibility data is also well fit.
The results of the detailed calculations show that in most cases this model is ruled out by our data. For most sources, the reason is that the large size measured, and the SED, can not be simultaneously reproduced for any value of the inclination, or require very large inclinations. In other cases (such as AB Aur) , although a non-zero inclination results in sources of elliptical shape which can reproduce the large amount of resolution observed by aligning the disk semi-major axis with the IOTA baseline, it also predicts, in contradiction with the data, visibilities that vary with baseline position angle. These conclusions are summarized in Table 3 . We find that 6 sources can be successfully fit with the accretion disk model. Of those, 2 are unresolved by the IOTA and are consistent with a face-on disk. The other 4 successful fits (shown in Figure 6 ) correspond to resolved sources, and 3 of them require extreme values of the disk inclination ( 1 800). Based on this statistically unlikely requirement, we consider the accretion disk a less attractive explanation for the observed emission*. 
Notes:
( a) Unresolved.
*The third Group I unresolved source, V594 Gas, is the exception in that the large near-JR excess implies that the closest, but not acceptable, fit is found for a highly tilted disk with its smallaxis oriented along the projected baseline. We note that, alternatively to tilting the disks, the visibility data may be matched by considering a much steeper temperature law in the inner edge of the disk (T cx r8, similar to the ring model), so that the H and K' emission arise essentially from the same radius. Thus, if an accretion disk is the explanation for the near-IR excess, its inner structure must be quite different from the generally accepted range of power law models.
We also note that the inclination angles derived for AB Aur and MWC 275 from mm-wave aperture synthesis observations,'9 76° and 58° respectively, are inconsistent with our results. Therefore, if the mm-wave data do imply circumstellar disk geometry, the inner disk (< 1 AU) does not follow a simple extrapolation from the disk structure at hundreds of AU from the star. Figure 6 . Visibility data and point source plus accretion disk model for the 4 resolved sources which could be successfully fit. The data and models are plotted as a function of source hour angle (HA.), which determines the orientation of the projected baseline. Note that 3 of the fits require very large values of the disk inclination angle ( O is face-on).
JR Companion
The potential of an infrared companion for reproducing the observed SEDs of HAEBE stars has been previously recognized.8 In this scenario, the companion is embedded in a dust envelope and appears as an infrared source. Although the only star for which a clear binary detection has been made is MWC 361-A, we must consider the possibility that the other stars appear resolved because we have sampled a few points of what is really the sinusoidal visibility curve of a binary system.
In general, four parameters describe the visibility function for a binary system. These are: The companion angular offsets, e2 and m (determines the period of the sinusoid), and the products of the fraction of the total flux in each component times their normalized visibility as individual sources, f,2l,2 V,i . + F,,2 (determines the amplitude of the sinusoid) . Thqrefore, unless the data provides good coverage in baseline coordinates, further assumptions are needed in order to properly constrain a binary model. In this respect, we have divided our fits to binary models into three categories:
1. Data obtained under essentially a constant baseline position angle. In this case, we assume that both components are unresolved and that the near-JR excess is entirely due to the companion. Furthermore, the binary separation projected along the baseline vector is fit, rather than the true companion position.
Rhole=0.9OAU Here, we also assume that the totality of the near-JR excess is due to the companion, and that both components are unresolved. In these cases, however, the lack of visibility variation provides a useful constraint to the range of possible companion positions, and therefore we derive the range of angular offsets e2and 12 that are consistent with the data.
3. MWC 361-A. For this source, the visibility data shows the clear signature of a binary system, detected interferometrically for the first time. Observations were made at two epochs, June 1998 and September 1998; and both H and K' band data were obtained in each epoch. It may be seen from the data that, because the maximum visibility is less than 100%, a solution where at least one of the components is resolved is required.
In summary, we find that a binary model can be ruled out for AB Aur, since there is no solution that reproduces the constant visibility observed on this source over the 45° range of baseline rotation. For the other sources, a binary model can potentially explain the visibility data. The fit residuals are somewhat smaller than in the case of the Gaussian and ring models, as one would expect since there are more free parameters in the model. However, the difference is within the expected calibration errors and we do not believe it to be significant. For MWC 166-A, the solution with smallest angular offsets corresponds to a separation of ' 0.1", and it is thus unlikely that such companion would have been un-detected in previous adaptive optics surveys. 20 The best fit model found for MWC 361-A is shown in Figure 7 . Note that we find slightly different companion positions at each epoch. However, the difference is at the 2a level, and therefore only of marginal significance. We note that from line spectroscopy, the presence of a close companion in this system was previously suspected.21 Therefore, if it is the star responsible for the radial velocity variations that we have detected interferometrically, this system is a prime candidate for continued observations, using both techniques, from which a full orbital solution and individual stellar masses may be obtained. 
DISCUSSION
The results of our study have demonstrated that, contrary to previous belief, most HAEBE stars are easily resolvable in the near-JR by the current class of ground based interferometers. Thus, the question of the precise distribution of Cs material in these young stars is one that can potentially be solved using this technique.
It is a striking feature of our data set that, except for the obvious binary, none of the sources shows any departure from a brightness distribution that appears circularly symmetric on the sky. This statement is most significant for sources which have observations on spanning range of baseline position angles. Although the rotation of the baseline is essentially zero in some sources, a more typical value is '30°, with a maximum of 65° in the greatest case. Thus, to be consistent with the ensemble of observations, models in which the emitting dust is distributed symmetrically around the star are favored. Physically this would correspond to a spherical distribution of dust, as in the models of Refs. 12,8,9,13. In the context of the Gaussian model we note that the measured sizes, when combined with the derived near-JR fluxes, require the emission to be optically thin, consistent with the fact that the central stars need to be optically visible when viewed through these envelopes. The ring model in this scenario would then interpreted to represent emission from a thin spherical shell, as has been proposed for AB Aur in Ref. 22 .
With respect to the physical implications of this model, we find that the properties of the excess are not strongly correlated with those of the underlying star. We show in Figure 8 the location of the stellar photospheres for the sources in our sample in the HR diagram, where the sources which were found to be resolved are shown using symbols proportional to the measured linear sizes given by the Gaussian model. It can be seen that although there is a tendency for the excess sources with largest sizes and highest brightness to be located in the upper left part of the diagram, the dependence of those two quantities with stellar luminosity and effective temperature is rather weak. We also find that there are pairs of sources, (T On, V380 On-A) and (MWC 147-A, V1685 Cyg), in which the stars and JR excess are essentially identical, but the sources of the JR excesses must differ in size by more than a factor of two. This might suggest that different physical mechanisms are responsible for the near-JR emission in these cases, and that there is no single phenomenon which scales with the properties of the central star or the magnitude of the excess in a simple way. Alternatively, if the same underlying mechanism is at work in all cases, then it must have the property that the same JR excess is produced by systems with different physical scales. 
